Introduction

26
One of the greatest threats to global health is the emergence and spreading of bacterial strains Edmundson, 1967). For secondary amphiphilic peptides, hydrophobic content can be described as 67 an angle of the sector in the helical wheel. The hydrophobic length (cluster of residues along the 68 peptide long axis) of pore-forming peptides enables them to span the lipid bilayer and determines 69 the peptide orientation within the pore based on hydrophobic mismatch (Vácha and Frenkel, 2013) . 70 Pore-forming peptides can be further characterized by the structure of the pore they form. 71 There are two well-established pore models: 1) barrel-stave and 2) toroidal. In both pore structures, 72 hydrophobic residues of AMPs are in contact with the membrane core, while hydrophilic residues 73 form a polar channel. Barrel-stave pore is a compact, bundle-like assembly of peptides with only a on AMP) was identified as a molecular determinant of peptide arrangement in toroidal pores. 109 Finally, the pore-forming activity of selected peptide variants was verified using a fluorescence 110 leakage assay on large unilamellar vesicles (LUVs). Collectively, this information can be used to 111 fine-tune peptide sequences to modulate the peptide activity.
112
Results
113
Monte Carlo Simulations with Phenomenological Model
114
Free Energy of Pore Opening at Various Conditions 115 We have evaluated the effect of kink-induced flexibility on the stability of barrel-stave and toroidal 116 pore structures. Using a phenomenological (highly coarse-grained) model of amphiphilic peptides, 117 we have calculated the free energy associated with pore formation by peptides with various 118 properties. We modified the peptide length, presence of the kink, hydrophobicity (capping) of the 119 peptide termini, and the hydrophobic content defined as a sector in helical wheel projection (see 120 the Methods section for more information).
121
The presence of kink was found to be unfavorable for the formation of the barrel-stave pore, 122 because the (kink-induced) increased flexibility hinders the tight packing of peptides inside barrel-123 stave pores. This preference is demonstrated in Figure 1A , which captures the free energy of pore 124 formation for both rigid and flexible (with kink) peptides with the length 5 nm and the hydrophobic 125 content/sector of the 270
• . Due to the high hydrophobic content, the flexible peptide variants can 126 still insert into the membrane. However, the peptides are less prone to aggregation in membrane 127 and consequently less likely to form pores. In contrast, peptides forming toroidal pores benefit 128 from the kink-induced flexibility as can be seen in Figure 1B , where free energy profiles for half- Table Apx1 (in Appendix) .
131
A pore can be also created by association between surface-aligned and transmembrane peptides. action strength, i.e., higher hydrophobic moment (see the Methods section for more information).
144
For peptides that were bound on the membrane at sufficiently high concentration, flexible kink was 145 observed to be favorable for the formation of toroidal pores. A complete set of tested parameters 146 and calculated free energy profiles is provided in Figure Apx1 and Figure Apx2 , see Appendix. conformations in a large pre-formed pore (see Figure 12 and Table Apx2 for more details). Moreover, 193 a simulation with a POPC membrane without peptides was performed and used as a reference. average number of water molecules in each studied system is in Table Apx3 decreased the flexibility of this variant by selecting three, one, and zero residues to form the kink 212 in P11G, P11G ∧ , and P11G * , respectively (see Table 1 ). Simulations are labelled based on the used is located on the side of the hydrophilic region (see Figure 7A ). By rearranging two adjacent residues 444 (LL-37 I13G/G14I variant), the kink-forming residue was moved to the center of hydrophobic sector.
445
In our MARTINI simulations, this change resulted in a formation of a U-shaped toroidal pores.
446
In contrast to LL-37, wild type Candidalysin peptides have the proline residue on the side of the 447 hydrophobic sector (see Figure 8A ). CandK and CandKR WT peptides were observed to adopt 'U- α-helix and the particle length is defined by the length of the cylinder. Two types of particles are 528 distinguished: 1) with attractive end-caps (PSC-AE) and 2) with non-attractive end-caps (PSC-NE).
529
The PSC-AE and PSC-NE particles are used to describe peptides with hydrophobic/capped (e.g., Peptide Preparation. In MARTINI simulations, the protein secondary structure has to be defined 585 a priori and is kept throughout the simulations. We used fully α-helical structure of peptides un-586 less the sequence contained a proline or glycine residue. In such cases, we used two secondary 587 structures: 1) α-helical with flexible kink (modelled as a random coil) and 2) fully α-helical for 588 comparison. All considered sequences and secondary structures are shown in Table 1. Initially,   589 all-atom structures of the peptides were constructed as α-helices using Modeller 9.11. Then, the POPC:POPG (1:1 mol/mol) and POPC:POPS (1:1 mol/mol). Lipids were distributed equally among 601 both leaflets.
602
The peptide pore-forming activity was evaluated by its ability to stabilize pre-formed pores.
603
Membrane pore was created by removing lipids in a cylinder of defined radius from the box center.
604
Then, the peptides were placed into the pore of fixed size (maintained by zero box compressibility 605 in the XY-plane). The large initial pore diameter enabled the peptides to easily change orientation 606 and assume more preferred configuration. During the subsequent simulation, the pore shrinks.
607
The membrane with peptides was solvated with water and NaCl ions at 100 mM concentration.
608
Excess of ions was added to the neutralize the system net charge. Positional restraints with a 609 force constant of 1000 kJ mol −1 nm −2 were applied on the peptide backbone beads. The system 610 was energy minimized using the steepest descent algorithm and equilibrated in five steps with 611 increasing simulation time step. The unrestrained system was subsequently simulated for 3 µs to 612 obtain the preferred peptide configurations. Based on the peptide arrangement, up to four distinct 613 starting configurations (see Table Apx2 ) were prepared (see Figure 11 and Figure 12 ). The majority 614 of the simulated peptides adopted one particular arrangement in a pore, regardless of the initial 615 configuration used. The only exception were the candidalysin peptides as they were unable to 616 reorient from a transmembrane starting configuration to an U-shaped conformation. After further 617 equilibration, NpT production dynamics simulations of a minimum length of 20 s were performed.
618
Pore stability was evaluated using several critera: 1) observed configurations in the trajectory, 2) 619 amount of water beads in the hydrophobic core, and 3) the presence of a continuous water channel. 4.5 * a sequence where glycine/proline (usually a kink-forming residues) was forced into an α-helix ∧ a sequence where only single residue was defined to have coiled secondary structure Lipid ratio is expressed as mol/mol
